Computational simulation of TAVI device deployment presents a significant challenge over and above similar simulations for percutaneous coronary intervention due to the presence of prosthetic leaflets. In light of the complexity of these leaflets, simulations have been performed to assess the effect of including the leaflets in a complete model of a balloonexpandable TAVI device when deployed in a patient-specific aortic root. Using an average model discrepancy metric, the average frame positions (with and without the leaflets) are shown to vary by 0.236% of the expanded frame diameter (26mm). This relatively small discrepancy leads to the conclusion that for a broad range of replacement valve studies, including new frame configurations and designs, patient-specific assessment of apposition, paravalvular leakage and tissue stress, modelling of the prosthetic leaflets is likely to have a marginal effect on the results.
Introduction
As life expectancy increases, there are more and more cases of age-related diseases presenting to medical attention (Bonow et al. 2008) . Aortic stenosis (AS) is a common agerelated heart condition in which there is a thickening and distortion of the valve leaflets together with calcium deposition in the aortic root and valve. This inhibits proper function of the leaflets and can result in a host of further symptoms including angina, embolism, stroke and sudden death (Bertrand et al. 1981; Daneault et al. 2011; Keeley et al. 1998; Smucker et al. 1988; Webb et al. 2009 ). In a US study of 11,911 patients, aortic stenosis was present in 13.3% of people over 75 years of age (Nkomo et al 2006) .
Surgical aortic valve replacement (SAVR) of the calcified valve is the current default treatment for AS. However, surgical intervention is extremely invasive meaning that a large population of frail patients are deemed too high risk for SAVR. Transcatheter aortic valve implantation (TAVI) was developed as a percutaneous alternative to SAVR. A TAVI device was first implanted into a human in 2002 and, since then, more than 50,000 devices have been implanted worldwide (Cribier 2012 ).
Mortality after TAVI has been associated with severe paravalvular aortic regurgitation (PAR) (Tamburino et al. 2011) . PAR occurs when the frame of the TAVI device does not make an effective seal against the internal surface of the aortic root, allowing blood to flow backwards about the valve. PAR is common in patients and has been reported to some degree in as much as 76% of cases. Severe PAR (grade 3 or 4) has been reported in approximately 17% of TAVI patients (Nombela-Franco et al. 2012) . Abdel-Wahab et al. (2011) reported that if severe PAR does occur, the incidence of in-hospital mortality is increased from 6.7% to 16.5%. Balloon angioplasty post deployment, or deploying a second TAVI device into 4 the first, has been shown to reduce PAR but can also result in complications including aortic rupture (Hayashida et al. 2012 ; Kempfert et al. 2013 ).
Although in some cases PAR can be treated, research is being invested in computational simulation of TAVI device deployment in order to predict and, subsequently, avoid PAR. To date there have been relatively few papers published that describe computational methods for simulating TAVI deployment. Most of the papers neglected to include either the leaflets or the cuff (Capelli et al. 2012; Russ et al. 2013; Tzamtzis et al. 2013; Wang et al. 2012; Wang et al. 2014) . Only a single paper included prosthetic leaflets but modelled them using a post deployment mapping technique to align the leaflets with the frame (Auricchio et al. 2014) ).
In order for these deployment simulations to be meaningful, the frame position postdeployment must be accurate. The publications above fail to recognise the effect leaflets have on the frames position post deployment. The leaflets presented in the literature, which are a product of the leaflet mapping technique, fail to capture the actual morphology of the leaflets, something which is visually apparent. Furthermore, the leaflets are represented as surfaces which offer inferior stress calculation within the leaflets when compared to volumised elements. So, to date, a complete TAVI deployment simulation does not appear to have been reported that includes an accurate model of TAVI leaflets. This paper describes the techniques required to computationally simulate the deployment of a complete TAVI device by means of balloon inflation, and assesses the necessity of including the leaflets in deployment simulations.
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Methodology
The TAVI device modelled herein is based on an Edwards Lifesciences 26mm SAPIEN XT (The 23mm and 29mm variants of the SAPIEN XT are pictured in Figure 1) . The model has multiple components: a cobalt chromium alloy frame, a cuff holding the leaflets to the frame, the leaflets themselves and metallic clips restraining the leaflets all of which were designed in Rhinoceros 3D (Robert McNeel & Associates 2014) . Explicit finite element analysis was then used to setup and simulate the deployment procedure in ABAQUS CAE/ Explicit V.6-12 (Simulia 2014) . 
Leaflets
6
The leaflets in a functional position have a complex shape which is difficult to both construct in CAD software and then mesh. As a result, the leaflets were constructed in a planar position and then manipulated into a functional shape using a sequence of geometric operations. As the leaflets are manufactured from bovine pericardium, it can be assumed that the tissue used comprises planar sheets (Mylotte et al. 2012 ). Conveniently, highly regular meshes (characterised by non-distorted elements, all of which are of a similar size) can be generated in the planar leaflet model that are resistant to excessive distortion, even in areas of the leaflets that are prone to high deformation when deployed. The highly regular mesh used to model the leaflets contained 135,536 elements and four nodes across the thickness of the leaflet. The leaflets are known to be manufactured from bovine pericardium, which is an orthotropic material. The in-plane material properties are uniform and the out-ofplane stiffness is significantly less. In this study, the material properties are assumed to be isotropic, and adopt the stiffer, in-plane setup. The material properties were assumed to be hyperelastic and employed the Ogden model wherein the strain energy function is , are the principal stretches, N is the strain energy potential order, in this case 1, and , , and are temperature-dependent material properties. In this study, = 0.1591, = 10.89, = (thus inducing Abaqus to assign a computed default between 6.667-16.667) and the density, = 1.1 g/cm 3 (Lin et al. 2013 ). The leaflet thickness was 0.3mm and further geometry parameters are defined in Figure 2 (B). Only one of the leaflets was modelled and the final shape was duplicated in the final assembly.
The model comprised 12 surfaces (Figure 2 ), constrained in six degrees of freedom, as well as the planar leaflet and a pair of clips described in the appendix. The surfaces, clips and node 7 groups on the leaflet were translated in order to manipulate the leaflet into an appropriate final position. When contact between surfaces was defined, the normal contact was 'hard' and the tangential behaviour was frictionless. The leaflet has a plane of symmetry which is shown in Figure 2(B) . If the leaflet was to be bisected along the symmetry plane, a group of nodes would be revealed; these nodes are constrained to remain within the symmetry plane, in order to ensure symmetry.
The five steps of the leaflet manipulation simulation are as follows.
Step 1: Each leaflet was setup to span a 120 degree segment of the valve orifice. The interface between the leaflet being manipulated and its theoretical neighbouring leaflets was represented by surfaces S3 and S4. In this step the leaflet was manipulated to lie within its orifice segment. This was achieved by translating strategic nodes in the leaflet wings (highlighted red in Figure 2 (B)). The translation resulted in the leaflet wings being flush with S3 and S4 (Figure 2(D) ). This step was modelled as a 0.04s process.
Step 2: During the first step there were no contact definitions defined between the leaflet and the clips (labelled in Figure 2 (E)), so as to avoid volumetric intersections. During
Step 2, the contact definitions were instated. The clips were then translated in a normal direction to the surfaces S3 and S4, until contact was made with the leaflet, over a time period of 0.02s. Step 3: The leaflet wings were then wrapped about the clips. This was achieved by systematically translating planar surfaces towards the clips. This is shown in Figure 2 (F-G), although only half the system is shown for clarity and it is a symmetrical process. The order in which the surfaces translated was Sa, Sb, Sc and finally Sd (the surfaces are labelled in Figure 2 (E)). Each translation lasted 0.015s, resulting in a complete step time of 0.06s.
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Step 4: S1 is a cylindrical surface that represents the internal surface of the TAVI frame. The radius of S1 was reduced to 12.6mm by means of a boundary condition (BC) using a cylindrical datum system over a time period of 0.02s. S1 was used to ensure that a volumetric intersection between the leaflet and the frame could not occur. The positions of the surfaces after this step are shown in Figure 2 (H).
Step 5: The final step involved pulling the lower edge of the leaflet to the frame; in reality this edge is stitched to a cuff attached to the frame. This was achieved by displacing S2
radially to a radius of 12.6mm, again by means of a BC using a cylindrical datum system.
The contact definition between S2 and the leaflet was only implemented along the lower edge. This step was modelled as a 0.03 second process with the final position shown in Figure 2 (I).
The final geometry is shown in Figure 2 (J-L). 
Triple Leaflet Model
In order to check that the leaflet geometry was correct, a second model was developed that tested the ability of the leaflets to close together in a realistic manner. An orphan mesh of the leaflet and its clips was created from the leaflet geometry manipulation simulation. The orphan meshes were duplicated before being repositioned to create a triplet of leaflets ( Figure   3(A) ). The lower edge of the leaflets which, in reality, are stitched to the frame and the cuff, were constrained in all dimensions, as were all six of the clips. The contact definition employed a penalty friction model with 'hard' normal behaviour and a coefficient of friction equal to 0.2 for the tangential behaviour.
A pressure of 13kPa was applied to the top side of the leaflets to represent the pressure experienced during the cardiac cycle. Contact definitions were applied between all the components and self-contact was applied to the leaflets. The results are shown in Figure 3 . 
Full Model
A complete TAVI device (based on the SAPIEN XT) was constructed from the leaflets described above, and a frame, cuff and clips as described in the appendix. Constraints were used to secure each component in place. Tie constraints were used to attach the cuff to the frame and the leaflets to the cuff. The clips were constrained to the frame with a coupling constraint. Similarly, nodes in the leaflet wings were also constrained to the same control points by means of a coupling constraint. In order to assess the impact the leaflets have on the frame position post deployment, the TAVI device components were systematically removed and the simulation repeated. The components present in the TAVI device for each simulation is summarised in Error! Reference source not found.. Contact definitions ('hard' and frictionless) were defined between pairs of components as presented in Table 3. 14 Table 3 . Contact pairs throughout the deployment simulation.
Contact pair\step
Step 1 Step 2 Step3
Step 4 Crimping was achieved using an additional cylindrical surface (visible in Figure 4 (A)) that was concentric with the frame and a displacement boundary condition was used to radially contract this surface in order to crimp the device.
It was found that 300kPa was a sufficient pressure to inflate the balloon and deploy the device. While higher pressure is used in reality, this lower pressure requires fewer time increments to compute, therefore reducing computational time.
Step 1: In the first step the TAVI device was crimped by means of the cylindrical surface (Figure 4(A-C) ). Displacement boundary conditions reduced the diameter of the cylinders to 10mm, thus reducing the diameter of the frame to 10mm at its widest point. Simultaneously, a 300kPa pressure was applied to the underside of the native aortic leaflets in order to open the native valve. As the valve was modelled in the closed position, it must be opened in order to avoid volumetric intersection with the TAVI device (Figure 4 (D-E)). This step was modelled over a 0.03s time step.
Step 2: The contact definition between the crimping surface and the frame was removed, and the frame elastically recoiled. The contact definitions between the native leaflets and the TAVI device frame and balloon were implemented, and the pressure applied to the leaflets was deactivated. The native aortic leaflets also recoiled during this step (0.01s) as shown in Figure 4 (F-G).
Step 3: An internal pressure was applied to the balloon of magnitude 300kPa over a time period of 0.1s which fully inflated the balloon. This is shown in Figure 4 (G-I).
Step 4: The internal pressure of the balloon was decreased with a smooth step over a time period of 0.02s. The balloon returned to its original position through elastic recoil and, furthermore, the TAVI frame recoiled slightly and the leaflets adopted a natural open position. This is shown in Figure 4 (I-J). (section removed). F, G: The native leaflets and TAVI devices relaxing during step 2, with the aortic root wall (section removed). G-J: The delivery system deploying the full TAVI device into the aortic root model (section removed from the aortic root wall), before relaxing.
All simulations comprised approximately two million elements and were run across sixteen domains on dual 2.4GHz intel Xeon E5-4640 CPUs in 131 hours.
Results
To quantify discrepancy in frame position, the average nodal position of each frame was calculated and then compared. The average nodal position discrepancies (ANPD) are shown in Table 4 . 
Discussion and Limitations
When simulating the deployment of a TAVI device, it is important to gauge and understand the impact of model fidelity. Such verification extends to the value of including the prosthetic leaflets when deploying a device into a patient specific aortic root. Other recent attempts at modelling TAVI device deployment have neglected the leaflets or employed approximate models for them (Auricchio et al. 2014; Capelli et al. 2012; Russ et al. 2013; Tzamtzis et al. 2013; Wang et al. 2012; Wang et al. 2014 ). Most notably, Auricchio et al. (2014) , successfully simulated a TAVI frame deployment into an aortic root and then developed a leaflet model within the frame in its post-procedural position. However, the impact of the 18 leaflets on the deployment simulation has not been addressed. In contrast, this article describes a successful simulation of a complete TAVI device and studies the impact of including the leaflets. discrepancy is associated with the clips. This resulted from the constraint applied to the clips to construct the model. Coupling constraints were applied to the clips, which are completely rigid. However, in reality, the clips would be stitched to the frame resulting in a more flexible structure.
The ANPD between Simulation_1 and Simulation_3 is 0.0343mm. This is the smallest discrepancy between the three models, despite the two models varying the greatest. (white) and Simulation_3 (red).
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It was found that the leaflets and cuff can become unstable if severely distorted. As a result, the device was crimped to 10mm in diameter, as opposed to a more realistic diameter of 6mm. A TAVI device represented by the frame alone however, can be crimped to 6mm.
Thus, if the application of a simulated TAVI device requires it to be crimped to a more realistic deployment diameter, it may not be possible to include the leaflets, due to the very large distortions that are likely to occur.
Conclusions
A full TAVI model deployment simulation has been described including a previously unreported leaflet manipulation technique that was integral to the simulation. The simulations have shown that the leaflets do not significantly affect the post-deployment position of the frame (average nodal position discrepancy of 0.0613mm, equivalent to 0.236% of the frames diameter). This relatively small discrepancy leads to the conclusion that for a broad range of replacement valve studies including new frame configurations and designs, patient-specific assessment of apposition, paravalvular leakage and tissue stress, modelling of the prosthetic leaflets is likely to have a marginal effect on results.
The clips were included to constrain the ends of the leaflets, and result in an average nodal position discrepancy of 0.0956mm. This was most likely due to the rigid boundary conditions applied to them.
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Appendix
Clips
One of the key challenges in this model concerns the method used to connect individual parts together (without using stiches). With respect to the wings of the leaflets, there is a feature visible in Figure 1 that appears to be a clip in the upper corner of the leaflets. The precise nature of this feature is unclear but in this work it is assumed to be a small metallic clip and a pair of clips are assumed to hold adjacent leaflets together. Each clip has a circular cross section of 0.28mm diameter and is wrapped into the shape of a caribena that is 4.5 mm long and 1.12mm in width at the widest point. Each clip was meshed with approximately 10,000 tetrahedral elements. The material properties used to model the clips are tabulated in Table 5 . 
Cuff
The cuff is a plastic film that fills the lower cells of the frame to prevent PAR. In reality, the lower edges of the leaflets are stitched to the frame and to the cuff. The geometry of the cuff is controlled entirely by the geometry of the frame as it spans the lower cells as shown in 26 Figure 6 . The cuff is a thin piece of material, and its ability to withstand bending is negligible. In order to incorporate this into the simulation, the cuff was meshed with membrane elements, totalling 413,207 elements. Assigning material properties to the cuff is difficult as the mechanical properties will vary from the base material (polyethylene terephthalate) as it is so thin. No experimental analysis, or material properties have been suggested for the cuff in the literature. As a result, the cuff thickness was assumed to be 0.01mm, and the elastic modulus was calibrated until the cuff behaved in a realistic manner. Realistic behaviour was considered as stiff enough to constrain the lower edge of the leaflet, while malleable enough to still allow the frame to be crimped. An elastic modulus of 500MPa was found to be sufficient (further material properties can be found in Table 5 , which are based on polyethylene terephthalate). 
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Frame
The leaflets and cuff are assembled within the metallic frame of the TAVI device. The frame is based on the Edwards Lifesciences SAPIEN XT 26mm TAVI device, and is shown in Figure 6 . The frame struts have a rectangular cross section of 0.3mm by 0.4mm and it is manufactured from Co-Cr MP35N, the material properties of which are presented Table 5 . A mesh refinement study was performed and concluded that a target element size of 0.08mm
has an appropriate level of accuracy, and results in a mesh of 168, linear hexahedral elements.
Balloon
The SAPIEN XT is a balloon expandable device. The balloon model developed here was The balloon model was setup from an initial inflated state, such that a preliminary simulation was required to deflate and wrap the balloon. The balloon was meshed with a combination of triangular and quadrilateral shell elements, numbering 428,262 and 368,114, respectively. A NovaFlex+ delivery system was obtained, from which the wall thickness was measured as 0.07mm. The lowest elastic modulus was used capable of expanding a TAVI frame without over expanding or stretching the balloon was found through computational analysis, and subsequently used throughout the simulations. This minimises the energy required to deploy the balloon, which increases simulation stability. The material properties used to represent the balloon are summarised in Table 5 . Preliminary boundary 30 conditions were applied to the lower edge of the balloon which was constrained to a plane normal to the axis of the balloon. Further tie constraints were used to attach the upper edge of the balloon, and the wire to the cone (the wire and cone are visible in Figure 8 (B)). Two node sets were used to apply loads to the balloon: 'A' and 'B', which are depicted in Figure 8 (A).
The simulation contact definitions were 'hard' normal contact and frictionless tangential behaviour.
The simulation had two distinct steps. In the first step, two loads were applied, the first to set 'A' of magnitude 0.04N radially inwards. The second was applied to set 'B' with a magnitude of 0.02N radially outwards. This resulted in the cross section of the balloon folding from a circle, to an eight armed star shape. This step is shown in Figure 8 (C-F).
In the second step, the node set 'A' was constrained in all dimensions, node set 'B' had a load of 0.05N applied tangentially about the axis of the balloon. The coordinate system recalculated the direction of the load every increment to retain its tangential orientation to the balloon axis. This is graphically shown in Figure 8 (F-I).
The magnitude of load required to fold the balloon was determined through computational experiment. 2014) was used to extract the internal volume of the aortic root using thresholding (voxels above 100 hounsfield units were assumed to be in the internal volume), from which the aortic root wall model was derived. The aortic root wall model has a consistent wall thickness of 2.5mm. The native aortic leaflets were modelled separately in ScanIP and were again, based on the MSCT images. The average native aortic leaflet thickness was 1.5mm. Both the aortic root wall and the native leaflets were meshed with ScanIP resulting in 336,562 and 95,024 tetrahedral elements respectively. The aortic root and leaflet models are shown in Figure 9 .
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During the deployment simulation, the native leaflets are attached to the native aortic root wall by means of a tie constraint. The material model used for the aortic root wall and leaflets are summarised in Table 1 .
33 Figure 9 . Aortic root model (left) with a section of the aortic root wall removed (right) revealing the native aortic leaflets.
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